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1BL.1RS translocation to decrease tolerance; however, this was not consistent across experiments and there was no effect of semi-dwarfing. The awned NIL exhibited decreased tolerance compared with the unawned NIL. There were significant differences in tolerance between the cultivar backgrounds in which the NILs were developed. Tolerance was lower in the modern genetic background of Weston, released in 1996, than in the genetic background of Maris Hunstman, released in 1972. The data suggest that certain physiological traits were associated with the tolerance differences among the backgrounds in these experiments. Potential yield, accumulation of stem soluble carbohydrate reserves, and grain sink capacity were negatively correlated with tolerance, whereas flag leaf area was positively correlated.
There have been several major genetic changes in winter wheat (Triticum aestivum L.) grown in the United Kingdom in recent decades; some related to worldwide trends. The presence of awns was selected against (through selection for the awn suppressor at the locus B1 on chromosome 5A) and became rare in commercially popular UK cultivars during the second half of the 20th century (32) . The Rht-D1b (formerly Rht2) semi-dwarfing allele had been introgressed into the majority of cultivars released by the mid-1980s (3) and the 1BL.1RS wheat-rye chromosome arm translocation was present in most feed wheat lines by the mid-1990s (9) . The translocation, where the wheat 1BS arm is replaced by the homoeologous rye 1RS arm, originally was used to introgress disease resistance genes, which soon were overcome; however, canopy "greening" and yield benefits were conferred which continued to be selected for (10) . In addition to these major genetic changes, there also were changes in canopy architecture brought about by phenotypic selection; flag leaves became smaller and culm leaves became more erect (30) .
The suppression of awns, Rht-D1b, and 1BL.1RS commonly are combined in modern high-yielding feed-grade wheat cultivars (30) , which tend to demonstrate poor tolerance of Septoria leaf blotch (24) . Advances in crop productivity through plant breeding commonly are associated with decreased capacity to tolerate disease (7) , although the evidence varies between crop species and specific diseases (1, 22, 23, 27, 28, 31, 36, 38) . However, correlations between high yield and poor tolerance do not necessarily indicate a causal relationship. Hence, it is worth considering whether there are plausible mechanisms by which specific genetic changes could have affected the tolerance of modern wheat cultivars. We define tolerance here as the ability to maintain yield performance despite the presence of disease symptoms, rather than, as it is sometimes used, as a synonym for disease resistance.
Long awns have been demonstrated to be a useful selection indicator in wheat for improved production in hot, dry environments (4) where impaired leaf function due to abiotic stress is common. Important diseases, such as Septoria leaf blotch (causal organism; Septoria tritici, anamorph of Mycosphaerella graminicola) commonly cause loss of green laminae area but less commonly affect the awns, so it is possible that awns might also maintain photosynthesis, and hence aid tolerance, when the stress is biotic.
Rht-D1b was almost ubiquitous in the wheat cultivars tested by Parker et al. (24) ; therefore, any association between Rht-D1b and tolerance could not be observed. The reason for addressing Rht-D1b in the present study was that semi-dwarfing per se might benefit tolerance, because shorter stems may lead to greater accumulation of water-soluble carbohydrate (WSC) reserves in the stem, because less dry matter is required for structural tissues. In barley, Gaunt and Wright (13) demonstrated that movement of soluble carbohydrate to the grain often was increased in the presence of disease and, hence, might improve tolerance.
1BL.1RS was present in all of the significantly intolerant cultivars tested by Parker et al. (24) ; however, only in one out of the four which were significantly tolerant. This association is supported by some mechanistic evidence. Shearman et al. (30) reported that the presence of 1BL.1RS apparently increased preanthesis radiation-use efficiency (ratio of aboveground dry matter to radiation interception) and, hence, total aboveground biomass accumulation. Where the predominant effect of disease is to decrease light interception through loss of green area, each unit of disease-induced green area loss might lead to greater yield loss in cultivars with higher radiation-use efficiency. For example, for two cultivars contrasting for high and low efficiency incurring equivalent green area loss (and, hence, radiation interception loss) to disease, all things being equal, the high-efficiency cultivar would suffer greater yield loss.
The experiments reported here quantified the disease tolerance of pairs of near-isogenic lines (NILs) which contrasted for +awns versus -awns, Rht-D1b (semi-dwarf) versus Rht-D1a (tall), or 1BL.1RS versus 1BL.1BS. The background cultivars in which the NILs were developed differed for year of release, canopy architecture, and attainable yield. The objective was to examine whether these major genetic changes are associated with changes in disease tolerance.
MATERIALS AND METHODS
Experimental sites and plant material. UK weather is very variable; therefore, substantial epidemics of any given disease do not occur every year. To increase the likelihood of obtaining useful data within the period of funding, experiments were conducted at two sites which are prone to different diseases in each of 2 years, 1998-99 and 1999-2000. The diseases used to test tolerance were Septoria leaf blotch at ADAS Rosemaund, Herefordshire and stripe rust (Puccinia striiformis) at ADAS Terrington, Norfolk. NIL backgrounds were selected for each site to ensure susceptibility to the most likely disease (Table 1 ). There were two adverse consequences of these practical constraints. First, site and pathogen species could not be separated in the analysis. Second, the NILs tested at the two sites differed, because not all the backgrounds of the available NILs were susceptible to both diseases. The work quantified effects of awns in two pairs of NILs contrasting for alleles at B1 on chromosome 5A controlling presence of awns in a Hobbit sib background (unawned Hobbit released 1978) (developed by J. W. Snape). At Rosemaund, two wintertype Hobbit sib NILs were used and, at Terrington, two springtype Hobbit sib NILs were used. Experiments quantified the effects of the Rht-D1b allele in two pairs of NILs of winter wheat, one in Mercia (Rht-D1a, released in 1986) and one in Maris Huntsman (Rht-D1a, released in 1972; developed by A. J. Worland). All NILs were developed following at least six backcrosses to the recurrent parent. The effects of 1BL.1RS were examined using Weston (1BL.1RS) and Chaucer (1BL.1BS), two commercial winter wheat cultivars released by Elsoms Seeds derived from a single F 6 plant. Hence, the release dates of the backgrounds (taken as the first year on the UK Recommended List or, in the case of Weston and Chaucer, which were not listed, estimated as 1996) varied between 1972 and 1996. Experiment design and treatments. Sites were selected with at least a 1-year break from cereal crops. Each experiment used a randomized split-plot design with four replicates; subplots were 2 by 18 m. In three experiments, six genotypes were randomized on main plots and two fungicide treatments, nontarget disease control (F1) and full disease control (F2), on subplots. The aim of the F2 treatment (hereafter referred to as "healthy") was to reduce all disease to a nil or low level, whereas the F1 treatment ("diseased") was designed to allow the single target disease to predominate while controlling other diseases to a nil or low levelthus allowing the effects observed to be attributed, as far as possible, exclusively to the target disease. The F1 treatment received quinoxyfen (as commercial product Fortress, Dow) and/or fenpropimorph (Corbel, BASF) at GS31 (33) to control mildew in all experiments, and chlorothalonil (Bravo 500, BASF) or anilazine (Dyrene, Bayer) at GS39 to control S. tritici in the stripe rust experiments at Terrington. The F2 treatment received a four-spray program based on the broad-spectrum active ingredients tebuconazole (Folicur, Bayer) and difenoconazole (Plover, Syngenta) tank mixed with disease-specific materials (listed above) as required.
At Rosemaund in 1999, the two fungicide treatments were randomized on main plots and the six genotypes on subplots. Hence, each experiment examined responses of (i) a pair of NILs contrasting for the alleles determining presence (b1) and absence (B1) of awns, (ii) a pair of NILs contrasting for the Rht-D1b and Rht-D1a alleles, and (iii) Weston (1BL.1RS) and Chaucer (1BL.1BS) ( Table 1) . At Terrington, spreader plots of cv. Vuka were drilled between each experimental subplot, and plants infected with stripe rust were transplanted into the Vuka plots in March. At ADAS Rosemaund, guard plots of cv. Abbot were sown between each subplot, to reduce drift of fungicide between experimental subplots.
Plot management. Seed was treated with guazatine (300 g a.i. liter -1 as the commercial product Panoctine, R.P. Agric), and the experiments were sown in late September or early October. Seed rate was adjusted by genotype according to 1,000 grain weight, to sow 320 seeds m -2 . Nitrogen fertilizer was applied as ammonium nitrate in amounts typical of high-input UK wheat-growing systems. Thus, nitrogen inputs varied across the four experiments in the range of 150 to 190 kg of N ha -1 , and were calculated taking into account the amount of soil mineral N available in the individual site-seasons. Pesticides and herbicides were used as necessary to minimize the effects of pests and weeds. The plant growth regulator (PGR) chlormequat was applied at GS31 (onset of stem extension) to reduce the risk of lodging and to represent the conventional conditions in which UK winter wheat cultivars have been grown in recent decades (the percentage of UK wheat fields treated with PGRs has increased from 25% in 1980 to 56% in 1988 and to 79% in 1996) (20) . There is some evidence that the proportional reduction in plant height in UK conditions with chlormequat may be greater for Rht-D1a (tall) cultivars at ≈10% compared with Rht-D1b (semi-dwarf) cultivars at ≈5% (11). However, the extent of this differential would be small in absolute terms, in the region of 5 cm. Chlormequat applied at GS31 (as in this study) is not thought to change canopy structure or light attenuation in the post-anthesis period (16) , harvest biomass (8), or grain yield in the absence of lodging (15) . In the present study, the Rht-D1a NIL was, on average, 14 and 10 cm taller than the Rht-D1b NIL in Maris Huntsman and Mercia, respectively. In summary, any differential effect of chlormequat on plant height for the Rht-D1a versus the Rht-D1b NILs would not be expected to be sufficiently large to affect the identification of genetic differences in physiological traits affecting attainable yield or disease tolerance in the present study.
Crop and disease assessments. Green lamina area indices. Following the method of Parker et al. (24) , the effect of foliar disease was quantified as the difference between the healthy and diseased treatments in the areas under the green lamina area index curve in the post-anthesis period (i.e., healthy area duration [HAD] as defined by Waggoner and Berger) (34) . Green lamina area index is the planar area of green lamina per unit of ground area (GLAI). At ≈10-day intervals from GS31, percent symptom severity (2) of all foliar diseases and percentage of absolute leaf lamina area that was green were assessed on 10 randomly sampled shoots per subplot, on all leaf layers with green area remaining. Symptoms of stripe rust and Septoria leaf blotch were estimated as the area of lamina containing sporulating structures and associated senescence. At each assessment date, the absolute lamina areas of the assessed leaves were measured for a subsample of two shoots per subplot by the method of Bryson et al. (6) . These measurements, combined with fertile shoot counts, allowed GLAI to be calculated. At every assessment, the crop growth stage was recorded in two replicates. Shoot number, green area index, and crop dry matter. Growth of the aboveground plant material was analyzed in eight adjacent 0.7-m row lengths per subplot at three stages: GS31, GS61+75 degree-days (°Cd, base temperature 0°C) and immediately prior to harvest. NILs were sampled on the calendar dates that they reached the relevant stage. In the samplings at GS31 and GS61+75°Cd , the number of fertile shoots in a 10% subsample (by fresh weight) was counted, and projected green areas were measured for (i) leaf lamina, (ii) stem and attached leaf sheath, and (iii) ear, using a Delta-T image analysis system (Delta-T Devices; Burwell, Cambridge, UK), and the components summed to give the green area index (the planar area of green canopy area per unit of ground area) (GAI). Aboveground dry matter was measured on a 20% subsample (by fresh weight) of the sampled material by weighing after drying for 48 h at 80°C. At harvest, all plant material was separated into ears and straw. Ears were counted and threshed, and the chaff and the grain, as well as a 25% subsample of the straw (by fresh weight), were weighed separately after drying for 48 h at 80°C.
At GS61+75°Cd, percent WSC content of stems and attached leaf sheaths was assessed in all subplots. Ten fertile shoots were sampled randomly within the subplot and the stems and attached leaf sheaths were dried immediately at 100°C for 2 h, as described by Gay et al. (14) . Dried samples were used to determine levels of WSC by the anthrone method (37) using fructose as a standard. Stem WSC dry weight was obtained by multiplying the stem-andleaf-sheath dry matter at GS61+75°Cd by the percent WSC.
Radiation interception and radiation-use efficiency. Interception of photosynthetically active radiation (PAR) (400-to 700-nm wavelength) was measured using a Sunfleck Ceptometer (Delta-T Devices) in all subplots at GS61. Measurements were taken above the crop and at ground level. The PAR extinction coefficient (K PAR ) was calculated from GAI and fractional PAR interception (F) at anthesis, using a modified version of an analogy to Beer's Law (equation 1), where Io is the incident PAR and I is the amount of PAR transmitted below a GAI value of L (21):
Accumulated PAR interception from GS31 to complete canopy senescence was calculated by applying K PAR measured at anthesis to daily values of incident PAR and green area index throughout this period using equation 2. Healthy K PAR differed across site/seasons in the range of 0.48 to 0.74, with larger values tending to occur at Rosemaund (Table 2 ). Hence, different K PAR values were used for specific genotype-site/season combinations. Healthy K PAR values were used in the calculations for both healthy and diseased treatments, because these estimates were considered to most accurately represent interception by green tissues. In the diseased treatment, inaccuracies in the estimation of K PAR would occur due to some radiation being intercepted by diseased canopy area.
To calculate daily values of GAI, first, green areas of stem and attached leaf sheath, and ear were estimated, assuming values changed linearly with calendar time between relevant samplings at GS31, GS61+75°Cd, and harvest. Second, the green area of lamina was estimated from green lamina area fertile shoot -1 assessments at 10-day intervals from GS31 to complete canopy senescence, assuming values changed linearly with calendar time. Green lamina area fertile shoot -1 was multiplied by fertile shoots m -2 to obtain GLAI, assuming fertile shoots m -2 changed linearly with time between sequential samplings at GS31, GS61+75°Cd, and harvest. Radiation-use efficiency was measured as the slope of the regression of aboveground dry matter on cumulative PAR interception for the sequential samplings at GS31, GS61+75°Cd, and harvest.
Combine grain yield. In each experiment, combine-harvested grain yields were measured on at least a 2-by-8-m area of each subplot, and values adjusted to 15% moisture.
Statistical analysis. All statistical analysis was done using GenStat version 7.2 and ASREML version 159 h.
Analysis of variance for crop traits. For individual experiments, analysis of variance (ANOVA) for crop traits fitted the block, mainplot, and subplot structure using random effects, with genotype and fungicide main effects and interactions fitted as fixed effects.
A combined analysis of the full data sets was done using a mixed model with fixed effects for genotype and fungicide main effects and interactions. Random effects were used for withinexperiment blocking factors, for the experiment (site/season) main effects, and interactions of experiment with genotype, fungicide, and genotype-fungicide effects. Separate variances were allowed for blocking structures and residual error within each experiment. In this model, genotype-fungicide effects were effectively assessed with respect to variation between experiments, and a significant difference implied a consistent effect across the four site/seasons that was large with respect to genotype-environment variation. To investigate the structure of the genotype differences, genotype effects were decomposed into the main effects of the four genetic backgrounds (Hobbit, Maris Huntsman, Mercia, and Weston), and the separate effects of the three different NIL contrasts were examined within the relevant genetic background. Specifically, the effect of +awns versus -awns was examined within Hobbit only, the effect of 1BL.1RS versus 1BL.1BS via the difference between Weston and Chaucer, and the effect of Rht-D1b versus Rht-D1a across both Maris Huntsman and Mercia. Probability levels quoted in the results refer to these specific tests. Approximate denominator degrees of freedom for F statistics to test fixed effects were generated in ASREML using the method of Kenward and Roger (17) .
Regression analysis to estimate disease tolerance. First, the area under the GLAI curve (HAD) (34) was calculated, by the trapezoidal method, across the top five leaves. Disease tolerance then was calculated using a method similar to Parker et al. (24) , which fulfils most of the guidelines suggested for identification of tolerance to disease defined by Gaunt (12) . An extended regression analysis, pooling data across experiments, was used to detect differences between genotypes in the slope of the fitted straight lines of yield (t ha -1 ) on HAD. The analysis followed the same principles as the analysis of crop traits across experiments described above, except that differences between fungicide treatments were explained via the impact on HAD rather than by fitting a direct fungicide effect. Fixed effects were used to fit separate intercepts and slopes for the regression of each genotype on HAD and the random model allowed for variation in the intercept and slope of genotype regressions across experiments as well as the withinexperiment blocking structure.
RESULTS
Disease and green lamina area index. Stripe rust and Septoria leaf blotch were the predominant diseases at the Terrington and Rosemaund sites, respectively, in each year. Other diseases were not present at significant levels. In three experiments, disease pressure reduced GLAI predominantly during the post-anthesis period (Fig. 1) . At Terrington in 1999, the onset of effects was earlier, at around flag leaf emergence (GS39). Disease pressure was greatest in 1999, when GLAI decreased by ≈3 at midgrain filling (GS83); corresponding decreases in 2000 were in the range 1 to 2. The extent of the decrease in GLAI in the diseased treatment generally was similar for the genotypes.
Rosemaund 1999. Healthy GLAI maxima for genotypes ranged from 6.1 (Chaucer 1BL.1RS) to 7.7 (Hobbit awned). Genotype differences generally were not statistically significant until midgrain filling (GS83), when Weston and Chaucer exhibited lower values than Hobbit NILs. Averaging across genotypes, GLAI first was reduced discernibly in the diseased treatment at around flowering (GS61); thereafter effects became progressively larger, with a reduction from 2.6 to 0.1 on 5 July (P < 0.001). The genotype-fungicide treatment interaction was statistically significant only on 19 July, with smaller decreases for Weston and Chaucer than other genotypes (P < 0.05).
Rosemaund 2000. Healthy GLAI maxima for genotypes ranged from 4.8 (Chaucer) to 7.2 (Mercia Rht-D1b). Averaging across genotypes, GLAI first was reduced in the diseased treatment at around flowering. During grain filling, disease pressure became progressively greater, with a decrease in GLAI from 3.6 to 2.0 by early July (P < 0.001). However, the genotypes in the healthy treatment generally responded similarly to the diseased treatment.
Terrington 1999. Healthy genotype maxima ranged from 5.4 (Hobbit awned) to 8.9 (Maris Huntsman Rht-D1b). The Rht-D1b NIL showed a trend for greater GLAI compared with the Rht-D1a control as well as other genotypes. Disease pressure was the greatest of any experiment, with GLAI decreased, on average, by 1.0 by flag leaf emergence (GS39), and progressively larger decreases thereafter. The Rht-D1b NIL tended to show a larger decrease in the diseased treatment compared with other genotypes during June.
Terrington 2000. Healthy maxima ranged from 4.2 to 5.5. GLAI values were the smallest of the four experiments, and genotype differences were not apparent. Disease pressure was the least of the four experiments. A decrease in the diseased treatment was first detected on 7 June, and there were small decreases thereafter of ≈1 GLAI unit. The extent of the small reduction in GLAI was similar for all genotypes.
Flowering dates were similar for the genotypes; on average, ranging from 9 to 11 June. Therefore, these had little effect on the relative disease and green area values observed on a given date. The two pairs of Hobbit NILs were in spring (Vrn) and winter (vrn) backgrounds. However, from early October sowings in England, differences in flowering date due to Vrn versus vrn typically are only small. When sown at this time, the vernalization requirement of vrn lines normally is satisfied (preventing delayed flowering), whereas there is insufficient thermal time for Vrn lines to reach terminal spikelet prior to colder winter temperatures slowing spikelet primordia production (thus avoiding advanced flowering). Therefore, the spring Hobbit NILs at Terrington flowered within 1 or 2 days of the winter genotypes and were similar in their relative flowering dates to the winter Hobbit NILs lines at Rosemaund ( Fig. 1A and B ; GS61 = flowering date). Hence, the TABLE 2. Predicted means for healthy or diseased treatments and genotypes under healthy or diseased treatments, with estimated degrees of freedom (df) for each term, and P values for F tests of individual "genes" for combine grain yield (at 85% dry matter), green area index (GAI), total flag leaf area (FLA; green + diseased area) at GS61, healthy area duration (HAD), extinction coefficient (K PAR ) at anthesis, photosynthetically active radiation (PAR) radiation-use efficiency (RUE) from GS31 to complete canopy senescence, stem water-soluble carbohydrate (WSC) at GS61+75°Cd, and number of grains per square meter potential confounding effect of development due to Vrn or vrn was not a factor in the study. HAD. Disease was quantified through disease-induced loss of GLAI, because this provides a measurement of the effects of disease that accounts for differences in canopy size across sites and seasons and relates most directly to resource capture. Although there were few differences in GLAI through the postanthesis period among the genotypes, HAD differed between the four genetic backgrounds ( Table 2 ; P < 0.05), with Mercia having a high HAD value and Maris Huntsman a low value. On average, HAD was decreased in the diseased treatment by ≈50%, and there was no significant genotype-fungicide interaction.
Combine grain yield. Among the genotypes, the expected yield progress with breeding was observed (P < 0.001) ( Table 2) : Weston and Chaucer (released 1996) > Mercia Rht-D1a (released 1986) > Hobbit unawned (released 1978) or Maris Huntsman Rht-D1a (released 1972). Averaging across site/seasons and genotypes, disease decreased grain yield by 1.96 t ha -1 . Averaging across sites, yield losses were greater in 1999 at ≈3 t ha -1 than in 2000 at ≈1.5 t ha -1 , following the pattern of disease-induced GLAI loss. There was a genetic background-fungicide interaction (P < 0.01) where the higher yielding Weston generally showed greater yield losses than Hobbit, Mercia, or Maris Huntsman. There was also a + or -awns-fungicide interaction (P < 0.01), with the Hobbit awned NIL losing more yield than the unawned NIL in the diseased treatment. There was no consistent effect of Rht-D1b on yield, but there was a trend for an increase in yield with 1BL.1RS (P = 0.08).
Relationship between combine grain yield and HAD: disease tolerance. Disease tolerance was estimated as the slope of the linear relationship of grain yield on HAD across treatments of contrasting disease (Fig. 2; Table 3 ). Shallow slopes indicate tolerance and steep slopes, intolerance.
Effect of pathogen type on tolerance. The results can be used to a limited extent to consider the relative tolerances of Septoria leaf blotch and stripe rust, because it is possible to break the "experiment" term into its site or pathogen type and season components, noting that site and pathogen type cannot be separated in these experiments. Table 4 shows the deviations from the mean slope of grain yield on HAD (disease tolerance) for the site or pathogen type and season combinations. There was no consistent pattern to suggest that the tolerances differed between site or pathogen types, although the tolerances tended to be greater at the Septoria leaf blotch site than at the stripe rust site. The overriding effect was the greater tolerance at the Rosemaund site in 2000. This occurred in all of the three loci contrasts but was most noticeable in the minus 1BL.1RS NIL (data not shown). Therefore, the results suggested that tolerances of Septoria leaf blotch and stripe rust were not greatly different in these experiments. However, the possibility remains that some unknown site effect may have counteracted an underlying pathogen-type effect.
Effect of wheat genotype on tolerance. The presence of awns decreased tolerance (0.036 versus 0.029 t ha -1 HAD -1 ) in the Hobbit NILs (P < 0.05). Neither the Rht-D1b allele (in Mercia or Maris Huntsman NILs) nor the 1BL.1RS translocation (Weston 1BL.1RS versus Chaucer 1BL.1BS) had a significant effect on tolerance. There were, however, differences between the genetic backgrounds (P < 0.05), with the modern background Weston (0.034 t ha -1 HAD -1 ) exhibiting decreased tolerance compared with Maris Huntsman (0.026 t ha -1 HAD -1 ). The intercept values were estimated at HAD = 150, in order to provide an estimate of attainable yield within the x-axis range of the data (Table 3 ). As expected, the intercept values were highly correlated with, but somewhat higher than, the mean grain yield values from the healthy plots (Table 2) .
Crop physiological traits. Several physiological traits may have caused the differences in tolerance observed between the genetic backgrounds: namely, maximum canopy green area, extinction coefficient, the amount of stem soluble carbohydrate accumulated, radiation-use efficiency, and grain number per unit area (grain sink strength).
Green area index and flag leaf area. Green area index reaches its maximum once the ears are fully emerged; therefore, the GS61 measurements were close to the peak GAI. Although total GAI was similar among genotypes, the distribution of green area between leaf layers differed. Flag leaf area varied between backgrounds in the range of 27 to 43 cm 2 , with Weston showing smaller values than other backgrounds (P < 0.001) ( Table 2 ). There was one significant difference (P < 0.05) in flag leaf area within pairwise NIL contrasts, with Chaucer (1BL.1BS) and Weston (1BL.1RS) having values of 33.3 and 27.4 cm 2 , respectively. Differences in areas of leaves II and III were not significant. Green stem and ear area indices did not differ significantly among the genotypes. Disease, on average, decreased GAI by 1.27 (P < 0.05), but genotypes responded similarly. This is consistent with similar GLAI and HAD responses of genotypes to the fungicide.
K PAR at GS61. Averaging across site or seasons, healthy genotypes differed in K PAR in the range of 0.52 to 0.61 ( Table 2 ). Within pairwise contrasts, differences were small and nonsignificant. There was a trend for differences across the genetic backgrounds (P = 0.086). Weston showed smaller K PAR compared with Hobbit, with intermediate values for Mercia and Maris Huntsman. Disease increased K PAR from 0.57 to 0.71 (P = 0.055) on average. This apparent increase probably was caused by greater interception by nongreen (i.e., diseased) tissues rather than an "intrinsic" increase in extinction coefficient of green tissues. There was a genetic background-fungicide interaction (P < 0.05) because disease increased K PAR for Hobbit and Maris Huntsman more than for Mercia and Weston.
Radiation-use efficiency. Averaging over site/seasons, healthy radiation-use efficiency differed among genotypes in the range of 2.36 to 2.84 g MJ -1 (Table 2 ). There was a trend for a reduction in radiation-use efficiency with the Rht-D1b allele (P = 0.060). Within the awned versus unawned and 1BL.1RS versus 1BL.1BS contrasts, differences were small and not statistically significant. Comparing across genetic backgrounds, there was some indication that Weston had greater radiation-use efficiency than Hobbit (P = 0.088). Disease reduced efficiency by 0.14 g MJ -1 on average, although this reduction was not statistically significant. TABLE 3 . Predicted values of grain yield (t ha -1 at 85% DM) and disease intolerance (t ha -1 per Healthy Area Duration (= green area duration), HAD) derived from linear relationship between grain yield and HAD averaged across four experiments. Grain yield is estimated as the intercept at HAD = 150; disease intolerance is estimated as the slope of the linear relationship between grain yield and HAD (higher values relate to greater intolerance) Stem soluble carbohydrate reserves. Healthy genotypes differed in the amount of stem soluble carbohydrate accumulated from 171 to 263 g m -2 (P < 0.001) ( Table 2 ). Within the pairwise contrasts, the effects of the awns, the Rht-D1b allele, and the 1BL.1RS translocation were neutral on stem WSC accumulation. However, there was an effect of genetic background, with Weston exhibiting greater accumulation of stem carbohydrate than other genetic backgrounds (P < 0.05). The small reduction in stem WSC due to disease, 24 g m -2 on average, was not statistically significant.
Grains m -2 . The effects of the pairwise contrasts between NILs were not statistically significant. Differences were observed between genetic backgrounds in the healthy treatment, ranging from 13,000 (Maris Huntsman) to 18,800 (Weston) grains m -2 (P < 0.001) ( Table 2 ). This reflected the expected increase in grain numbers underlying recent genetic progress in yield potential in the United Kingdom (24) . Overall, the reduction in the diseased treatment of 1,200 grains m -2 was not statistically significant.
Correlations between traits and tolerance. Of the traits exhibiting significant variation between genetic backgrounds, grain yield, stem WSC, and grains m -2 were negatively correlated with tolerance (r = -0.63, -0.73, and -0.43, respectively), and flag leaf area was positively correlated with tolerance (r = 0.67).
DISCUSSION
The two pathogens against which tolerance was quantified differ in their mode of pathogenicity; S. tritici is a necrotroph whereas P. striiformis is an obligate biotroph. Therefore, a difference in tolerance might have been anticipated. There was no evidence that site or pathogen type affected tolerance to a different extent than season, although the number of comparisons available was small. Hence, the inconsistent trend for greater yield loss per unit of green area lost to stripe rust compared with Septoria leaf blotchwhich agrees with earlier data (25)-might equally be due to environmental differences between the sites. Potential differences between the effects of pathogen types will not be properly quantified until they are compared directly on common host genotypes under common environments; this may be difficult to achieve in field experiments.
The differences in tolerance detected between genetic backgrounds exceeded those within the pairwise NIL contrasts. This suggests that traits other than those related to awns, semi-dwarfing, or 1BL.1RS were responsible for most of the observed differences among the wheat genotypes examined. The discussion will briefly review the findings on each of the pairwise NIL contrasts, before considering what those other traits might be.
The awned NIL exhibited greater disease susceptibility, significantly increased attainable yield, and decreased tolerance compared with the unawned NIL. It is conceivable that these differences were due to the presence of awns. In spring wheat in the Great Plains, F 3 -derived sib lines grown in the absence of significant abiotic stress mostly showed no differences in grain yield between awned and unawned sibs; however, where differences did occur, awned sibs were higher yielding (35) . However, there are no reports of an increase in attainable yield with awns under UK conditions in the absence of substantial abiotic stress, and data from a doubled-haploid mapping population derived from Beaver (unawned) × Soissons (awned) have shown no consistent effect of awns on grain yield (M. J. Foulkes, J. W. Snape, and R. Sylvester-Bradley, unpublished data). Hence, it is possible that the Hobbit NILs were not completely isogenic and an allele deleterious to yield is tightly linked to the awn suppression allele on chromosome 5A. In this instance, the awn allele is derived from a wild source, an accession of Triticum spelta, and might have linkage drag for a yield increasing allele (32) .
Semi-dwarfing due to Rht-D1b did not result in an increase of either stem WSC reserves or tolerance. The increase in the per-centage of the stem dry matter partitioned as soluble carbohydrate in the semi-dwarf NILs was counteracted by a proportional reduction in total stem dry matter. These findings agree with those reported by Foulkes et al. (9) for effects of the Rht-D1b allele on stem carbohydrate in Rht NILs in UK winter wheat backgrounds, and with the absence of reports of increased stem-soluble carbohydrate with Rht-D1b from other parts of the world. One piece of work in Australia reported a decrease in stem WSC with the Rht-D1b allele in spring wheat isogenics (5) .
There were marginal trends for increased attainable yield and decreased tolerance with 1BL.1RS, although these effects were not statistically significant. There was evidence of a decrease in flag leaf size with 1BL.1RS. The implications of this for tolerance will be covered later.
The genetic backgrounds in which the NILs were developed showed substantial phenotypic differences and can be considered as being broadly representative of the types of cultivars grown during the periods in which they were in commercial use. The most modern background, Weston, had significantly higher stem soluble carbohydrate dry matter (P < 0.001), radiation-use efficiency (P = 0.09), and grains m -2 (P < 0.001) than the oldest background, Maris Hunstman. No differences were found in GAI; however, more modern backgrounds had a smaller proportion of their total GAI in the flag leaves. Drawing conclusions on breeding changes based on changes in only four genetic backgrounds is not possible with confidence. However, it is interesting to note that these findings are all in agreement with those of Shearman et al. (30) , who studied a set of eight historic UK wheat cultivars released from 1972 to 1996. Of the phenotypic differences reported here, grain yield, soluble carbohydrates, and grains m -2 were negatively correlated with tolerance, and flag leaf area was positively associated. Such correlations do not necessarily imply a causal link; therefore, we consider below whether there are plausible mechanistic explanations for the effects observed.
If there is insufficient positive selection for tolerance in plant breeding, our results suggest that it is likely that increases in attainable yield may lead to decreased tolerance. Healthy crops of modern cultivars produce higher yields for a given green area duration, apparently due to increased radiation-use efficiency (30) . Therefore, yield loss per unit loss of green area duration due to disease may be greater in more modern cultivars, because they apparently convert radiation into grain dry matter more efficiently. Where breeding lines are selected for yield in the absence of fungicide treatment (for example, when breeding for low potential yield environments or resource-poor farming systems), the process includes selection for disease resistance and tolerance. However, in northwestern Europe, cultivars are selected predominantly for fungicide-treated yield. Although disease resistance is selected for visually in early generations in untreated ear-rows or small plots, which usually are not taken to yield, there is no effective selection for tolerance at any stage. This may explain why cultivars with sufficient resistance to express only slight symptoms under most conditions are relatively intolerant of foliar diseases and typically yield ≈1.5 tonnes per hectare less in the absence of fungicide treatment.
The least tolerant genetic background (Weston) had the highest accumulation of stem soluble carbohydrate in the present study. The study of Shearman et al. (30) showed that increases in stem carbohydrate with breeding were positively correlated with yield potential, and concluded that a high proportion of the soluble stem reserve is utilized even under favorable post-anthesis conditions in modern UK cultivars. Therefore, when the post-anthesis duration of the canopy (and hence photosynthesis) is constrained by disease, there may be little scope for further increasing soluble carbohydrate utilization. Hence, unlike in barley (13), accumulation and utilization of stem carbohydrate (and hence the benefit to yield) appear similar in the presence or absence of disease. This agrees with the data of Parker et al. (24) , who found no relationship between stem reserves and tolerance. Hence, the evidence available to date suggests that greater stem reserves, being equally beneficial to yield in both the presence and absence of disease, might be discounted as being beneficial to tolerance (as defined here by the slope of the disease-yield loss relationship) in currently commercial UK winter wheat cultivars. The negative association with tolerance may be due to auto correlation, because increases in stem soluble carbohydrate may occur in parallel with other phenotypic changes which are deleterious to tolerance.
Provided there is no counteracting change in potential grain size, higher grains m -2 represents an increase in grain sink capacity for assimilate. Previous work has found a positive linear increase in grains m -2 in recent decades with UK breeding (30) , but no change in potential grain weight or final grain dry weight (29) . Similar trends with year of release were observed in the four genetic backgrounds in the present investigation. All else being equal, a more sink-limited cultivar could lose more source to disease before source became limiting, leading to a shallower disease-yield loss relationship (greater disease tolerance). This might partly explain the tendency for lower tolerances in the more modern backgrounds in the present study. However, caution is required in interpreting the results, because (i) trends with respect to year of release were observed across only four backgrounds and cannot be certain and (ii) it was not possible to quantify the source/sink balance of the genetic backgrounds from the measurements taken-partly because source and sink interact (for example, shortage of sink capacity can have a negative feedback effect on radiation-use efficiency).
There was no increase in radiation-use efficiency in the diseased treatment. This contrasts with data from spring wheat in Israel suggesting that tolerance of the cv. Miriam to S. tritici was attributed to a higher rate of carbon fixation per unit of residual green leaf area of diseased plants than in healthy plants (39) . This remains one of the few cases of a mechanism for tolerance being reported and it is not known whether such a response might explain some of the tolerance reported for other wheat cultivars (19, 26, 38) .
For simplicity, our analysis of resource capture considered the upper canopy as one functional unit, intercepting PAR. In reality, the upper canopy is composed of layers of culm leaves. The uppermost layer (the flag leaves) tends to be least diseased, because it is the latest to emerge and furthest removed vertically from infectious lesions on leaf layers below (18) . Hence, for a given amount of symptom area or disease-induced green area loss in the upper canopy as a whole, cultivars with large flag leaves are likely to suffer less yield loss. It is possible that part of the reported association (24) between presence of 1BL.1RS and poor tolerance may be due, at least in part, to reduced flag leaf size.
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